ABSTRACT: Epidemiological studies in chromate production have established hexavalent chromium as a potent lung carcinogen. Inhalation of chromium(VI) most often occurs in mixtures with other metals as among stainless steel welders, which is the largest occupational group with Cr(VI) exposure. Surprisingly, carcinogenicity of Cr(VI)-containing welding fumes is moderate and not consistently higher than that of Cr-free welding. Here, we investigated interactions between chromate and three other metal ions [Fe(III), Mn(II), Ni(II)] that are typically released from stainless steel welding particles. In human lung epithelial cells with physiological levels of ascorbate and glutathione, Cr(VI) was by far the most cytotoxic metal in single exposures. Coexposure with Fe(III) suppressed cytotoxicity and genotoxicity of Cr(VI), which resulted from a severe inhibition of Cr uptake by cells and required extracellular ascorbate/glutathione. Chemically, detoxification of Cr(VI) occurred via its rapid extracellular reduction by Fe(II) that primarily originated from ascorbate-reduced Fe(III). Glutathione was a significant contributor to reduction of Cr(VI) by Fe only in the presence of ascorbate. We further found that variability in Cr(VI) metabolism among common cell culture media was caused by their different Fe content. Ni(II) and Mn(II) had no detectable effects on metabolism, cellular uptake or cytotoxicity of Cr(VI). The main biological findings were confirmed in three human lung cell lines, including stem cell-like and primary cells. We discovered extracellular detoxification of carcinogenic chromate in coexposures with Fe(III) ions and identified the underlying chemical mechanism. Our findings established an important case when exposure to mixtures causes inactivation of a potent human carcinogen.
■ INTRODUCTION
Chemical compounds containing chromium(VI) are recognized carcinogens in the human respiratory system. 1, 2 In physiological solutions, Cr(VI) exists as chromate anion (CrO 4 2− ) that is readily taken up by human cells leading to its many-fold accumulation over outside concentrations. 2 Human lung cancers associated with occupational Cr(VI) exposures are squamous lung carcinomas that exhibited high mutation loads. 3, 4 Cr(VI) is a genotoxic carcinogen that produces mutagenic Cr-DNA adducts 5−7 and other forms of DNA damage. 8−10 Induction of DNA damage by Cr(VI) requires its cellular reduction, yielding Cr(III) as the final product. 11 A key reducer of Cr(VI) in cells in vivo is ascorbate (Asc) that is responsible for >95% of Cr(VI) metabolism in the lung. 12, 13 Other reducers of Cr(VI) include small thiols, primarily glutathione (GSH), and to a smaller extent, less abundant cysteine. 11 At physiological levels of the reactants, reduction of Cr(VI) by Asc yields Cr(IV) as the only detectable intermediate. 14−16 A severe deficiency of cultured cells in Asc leads to their metabolism of Cr(VI) by thiols, which is accompanied by the formation of the pro-oxidant Cr(V). Restoration of physiological levels of Asc in cultured cells blocks Cr(V) formation and suppresses induction of oxidative DNA damage and related stress signaling responses. 17, 18 Reduction of chromate outside the cells converts it into membrane-impermeable, nontoxic Cr(III). This extracellular detoxification process is important physiologically 11 and critical for chemoprotective activity of Nacetylcysteine against Cr(VI) toxicity. 19 The presence of high Asc concentrations in the lung lining fluid of rodents (∼10-times higher than in humans) leads to a very rapid detoxification of chromate, explaining their resistance to lung carcinogenicity by soluble Cr(VI) compounds. 20 Epidemiological studies among large cohorts of chromate production workers have obtained clear evidence of elevated incidence of lung cancers with linear dose-dependence. 21−24 Higher risks of lung cancers were also found in other occupations with Cr(VI) exposures such as in chrome plating. 25, 26 A risk assessment modeling of cancer incidence data in chromate production estimated that a current permissible exposure limit for Cr(VI), which was lowered 10 times in 2006 to 5 μg/m 3 , still confers high lifetime risks with up to 45 additional lung cancer deaths per 1000 workers. 27, 28 Chromate production represents occupational exposure to the single metal, Cr(VI), which is ideal for epidemiological studies. However, inhalation exposures to Cr(VI) typically involve coexposures with other metals. Stainless steel welders are the largest occupational group exposed to Cr(VI), which always occurs in a mixture with other metals. Stainless steel is the iron alloy containing at least 10.5% Cr by weight. Ni and Mn are also frequently added to stainless steel to improve its properties. Ni is a known human lung carcinogen albeit it is less potent than Cr(VI). 25 Welding fumes contain oxidized metals that can be solubilized in saline solutions, although the degree of solubility is highly variable and depends on the welding process characteristics such as a type of welding process, its parameters, use of shielding gas and composition of electrode. 29−31 Cr(VI) was the most soluble component of welding fumes, reaching 70% solubilization in the saline solutions. 29 In contrast to high carcinogenicity of soluble Cr(VI) found among chromate workers, 22−24 cancer risks of stainless steel welding were only modestly elevated and did not always differ from risks among mild steel welders (no Cr exposures). 32−37 A recent review of welding by the International Agency for Cancer Research (IARC) concluded that both stainless steel and mild steel welding fumes represent group I carcinogens. 38 A weak contribution of Cr(VI) to welding-associated lung cancers is puzzling as cancer risks of individual components in mixtures are considered to be at least additive and often suspected as being synergistic.
Using solutions of individual metal salts, we experimentally modeled pairwise toxicological and chemical interactions between chromate [solubilized Cr(VI)], the most carcinogenic and toxic component, and three other metal ions that are typically released from stainless steel welding particles. We found that in the presence of physiological concentrations of Asc and GSH, Fe(III) was converted into Fe(II) that acted as a very rapid extracellular reducer of Cr(VI), which prevented its uptake by cells. Ni(II) and Mn(II) ions showed no detectable impact on cytotoxicity or metabolism of Cr(VI). Overall, our results established a defined chemical mechanism that can explain a weak carcinogenicity of Cr(VI) exposures through inhalation of welding fumes. To our knowledge, this is the first example when coexposures with other toxicants result in the loss of activity by a major human carcinogen.
■ EXPERIMENTAL PROCEDURES
Materials. L-ascorbic acid (99.9% pure), dehydro-L-(+)-ascorbic acid dimer, potassium chromate (K 2 CrO 4 , 99% pure), L-glutathione (>98% pure), L-cysteine (C7352) (>98% pure), ammonium iron(III) citrate (F5879), iron(III) chloride hexahydrate (31232) (>99% pure), ammonium iron(II) sulfate hexahydrate (203505, 99.997% pure), iron(II) chloride tetrahydrate (44939, >99% pure), nickel(II) chloride hexahydrate (223387, ReagentPlus grade), manganese(II) chloride tetrahydrate (203734, 99.99% trace metal purity), 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazone-4′,4″-disulfonic acid sodium salt (ferrozine) (82950, >97% pure), 1,10-phenanthroline monohydrate (P9375), diethylenetriaminepentaacetic acid (DTPA) (D6518), and nitric acid (>99.999% pure) were all obtained from Sigma-Aldrich. Deferoxamine (1459) was purchased from Cayman Chemical.
Cell Culture. H460 and HBEC3-KT cells were obtained from the American Type Culture Collection (ATCC). H460 cells were grown in RPMI-1640 media (22400089, ThermoFisher) containing 10% (v/ v) fetal bovine serum (FBS), and penicillin/streptomycin. HBEC3-KT cells were propagated in Airway Epithelial Cell Basal Medium (PCS-300-030, ATCC) with added Bronchial Epithelial Growth Kit (PCS-300-040, ATCC). Primary human bronchial epithelial cells were obtained from Lonza and propagated in the vendor's recommended serum-free medium (BEBM, CC-2540) supplemented with growth factors (CC-3170, Lonza). All cell lines were grown in the atmosphere of 95% air/5% CO 2 . Other cell culture media tested for metals were DMEM (Gibco, 12430-062), F12-K (ATCC, , and EMEM (ATCC, Asc Concentrations in Cells. Cellular Asc was extracted on ice with 50 mM methanesulfonic acid/5 mM DTPA and detected as a fluorescent conjugate with 1,2-diamino-4,5-dimethoxybenzene dihydrochloride. 39 Cellular precipitates formed after Asc extraction were dissolved in 1% SDS-50 mM NaOH and used for protein measurements. Final Asc values were normalized per protein content of each sample.
Reduction of Cr(VI). The source of Cr(VI) was K 2 CrO 4 dissolved in water. Reduction of Cr(VI) was monitored by chromate absorbance at 372 nm. Equal volumes of two 2× concentrated solutions (one containing Cr(VI) and a specified other metal and the second containing reducers and any nonmetal additives) were rapidly mixed in 96-well plates followed by the measurements of the initial A372. Plates were maintained at the specified temperatures (25 or 37°C ) inside the SpectraMax M5 microplate reader. Cellular Uptake of Cr(VI). A previously described high-recovery procedure based on extraction of Cr from cells with nitric acid was followed. 40 Cells were seeded on 6-well plates and allowed to grow overnight before treatment. Cr(VI)-containing media was removed, cells were washed twice with warm PBS, and then collected by trypsinization. Pellets were washed twice with ice-cold PBS (1100×g, 5 min, 4°C) and resuspended in cold water. Equal volume of 10% nitric acid was added, vortexed, and stored overnight at −80°C. Samples were thawed at 50°C for 60 min and then placed on ice for 30 min. Supernatants were collected and diluted 2.5 times with water to give 2% nitric acid and stored at 4°C until Cr was measured by graphite furnace atomic absorption spectroscopy (AAnalyst600 Atomic Absorption Spectrometer, PerkinElmer). Pellets were washed twice with cold 5% nitric acid (10,000×g, 5 min, 4°C) then dissolved in 0.5 M NaOH at 37°C for 30 min. Solubilized pellets were used for the determination of protein amounts.
Measurements of Metals in Cell Culture Media. Media was acidified with nitric acid to a final concentration of 2%. Iron, copper, nickel, and manganese were measured by graphite furnace atomic absorption spectroscopy (AAnalyst600 Atomic Absorption Spectrometer, PerkinElmer).
Fe(II) Assay. Fe(II) was measured by recording absorbance of its complex with ferrozine. 41, 42 Ammonium iron(III) citrate was dissolved in water and 1 mM iron(III) chloride hexahydrate stock solution was prepared in 10 mM HCl. Both Fe(III) compounds were added to reactions from water-diluted 10× stocks. Reducers and ferrozine (100 μM final concentration) were prepared in solutions at 1.1× concentrations. Fe(III) was added to the reducer solutions and rapidly mixed in 96-well plate to make all components at a 1× concentration. A562 values were measured every 20 or 30 s. Plates were maintained at 37°C inside the SpectraMax M5 microplate reader.
Western Blotting. Cells were washed twice with cold PBS and collected from the dishes by scraping in PBS. After pelleting and another wash in cold PBS at 1100×g for 5 min, cells were boiled for 10 min in a lysis buffer containing 2% SDS, 50 mM Tris, pH 6.8, 10% glycerol and protease/phosphate inhibitors (#78425, ThermoFisher Scientific). Insoluble debris was removed by centrifugation at 10000×g for 10 min at room temperature. Samples were analyzed on 12% SDS-PAGE gels and electrotransferred by a semidry procedure onto PVDF membranes (162-0177, Bio-Rad). For the γ-H2AX blots, a standard buffer supplied for the semidry transfer apparatus (PierceG2 Fast Blotter, ThermoScientific) was supplemented with 12% ethanol. Primary antibodies for detection of Ser139-phosphorylated histone H2AX (#2577, 1:1000 dilution) and CHK2 (#3440, 1:1000 dilution) were from Cell Signaling. Antibodies for phospho-Ser4/8-RPA32 (#A300-245A, 1:1000 dilution) were obtained from Bethyl Laboratories.
Cell Viability. The CellTiter-Glo luminescent assay (Promega) was used to measure the cytotoxic effects of Cr(VI) and other metals. Cells were seeded into 96-well plates (2000 cells per well for H460 cells, 1000, and 4000 cells per well for HBEC3-KT cells in 72 and 48 h recovery experiments, respectively) and treated with metals on the next day. Cytotoxicity was determined following 48 h recovery for H460 and 72 h recovery for HBEC3-KT cells.
Statistics. Differences between the groups were evaluated by twotailed, unpaired t-test.
■ RESULTS

Cytotoxicity of Metal Ions in Human Lung Epithelial
Cells. Human exposures to Cr(VI) and welding fumes are both associated with the development of squamous cell lung carcinoma, 3 ,33 a type of cancer that arises from malignant transformation of lung epithelial cells. Thus, it is important to investigate the effects of welding fumes-associated metal ions on human lung epithelial cells. We chose H460 cells as our primary biological model, which we have previously found to exhibit efficient uptake of chromate and other metal ions 19, 43 and a robust activation of the stress-sensitive transcription factor p53. 44, 45 H460 cells have also shown normal biological responses to Cr-DNA damage, 46 ionizing radiation, 47 and proteotoxic stress. 48 H460 and all other cultured cells are severely deficient in Asc due to its absence in the synthetic medium formulations and its minimal supply through the addition of 10−15% serum that usually irreversibly lost the majority of ascorbate during handling and storage. To restore physiological levels of Asc, we incubated H460 cells with the oxidized form of vitamin C, DHA, which rapidly enters cells through ubiquitously expressed glucose transporters GLUT1, GLUT3, and GLUT4. 49 Addition of 0.2 mM DHA was sufficient to bring Asc levels from barely detectable (∼5 μM) to the physiologically relevant 1−2 mM range ( Figure 1A ).
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In addition to the restoration of cellular Asc, we also tested the effects of cell culture medium supplementation with 50 μM Asc and 100 μM GSH, which are physiological concentrations of these antioxidants in human lung lining fluid. 51 We found that treatments with 10 μM and higher concentrations of Cr(VI) caused a high cytotoxicity (measured following 48 h recovery), which was significantly less severe when the cell culture medium contained Asc/GSH ( Figure 1B ). This cytoprotective effect reflects extracellular reduction of toxic Cr(VI) by Asc/GSH (primarily Asc) into cell-impermeable Cr(III). 20 In contrast to Cr(VI), the same concentrations of Ni(II), Mn(II) and four Fe compounds produced no significant cytotoxicity with or without addition of Asc/GSH to the media ( Figure 1C−F) . Thus, solubilized Cr(VI) (chromate) was clearly the most cytotoxic metal ion in the human lung epithelial cell model, which was established with physiological levels of Asc inside and outside the cells.
Cr(VI) Metabolism in Different Cell Culture Media. A much greater toxicity of Cr(VI) and its high abundance in the soluble fraction 29 all indicate that if they exist at all the most critical toxicological interactions for metals released from stainless steel welding fume particles should involve Cr(VI). A critical aspect of Cr(VI) toxicity is its dependence on reductive metabolism, which converts Cr(VI) into nontoxic Cr(III) outside the cells. 2, 20 Chemical and biological properties of metal ions can be strongly affected by their binding to specific molecules, which led us to skip the use of simple buffer systems and to focus on the selection of the appropriate biological medium. Our initial tests of several commercial cell culture media for reduction of Cr(VI) produced highly variable results. During investigation of potential causes of this variability, we identified shifts to higher pH in our Cr(VI) reactions occurring due to the loss of bicarbonate. Bicarbonate is the main buffering system in cell culture media, which requires 5−10% ambient CO 2 for maintenance of physiological pH. Our examination of pH sensitivity found that even modest alkalization strongly inhibited Cr(VI) reduction by its main biological reducer, Asc (Figure 2A, left panel) . Rates of Cr(VI) reduction by Cys were much less sensitive to pH of the reactions (Figure 2A, right panel) . To eliminate the effects of pH changes due to bicarbonate losses, we added 50 mM HEPES (pH 7.4) to each of the five tested biological media and then examined kinetics of Cr(VI) reduction by Asc, Cys, or GSH ( Figure 2B ). For all three reducers, we found the highest rates of Cr(VI) reduction in F-12K followed by BEBM medium (formulated for maintenance of primary lung cells without serum). Three other media (RPMI-1640, DMEM, and EMEM) showed the lowest reduction rates and clustered together. In the absence of exogenously added reducers, F-12K ( Figure 2C ) or other media (not shown) displayed no metabolism of Cr(VI). F-12K is the only medium that includes a significant amount of Cys (0.4 mM). The lack of Cr(VI) reduction in this medium in the absence of exogenous reducing agents likely reflects a complete oxidation of Cys during storage. The differences among media in Cr(VI) reduction rates were not caused by the remaining variations in pH as only very minor differences were observed for the most pH-sensitive reactions involving Asc ( Figure 2D ). Because our goal was to examine interactions among metal ions some of which are physiological (Fe, Mn), we next measured metal levels in the same five media that we tested for Cr(VI) metabolism. We found that two media with the highest rates of Cr(VI) reduction by Asc/thiols (F-12K, BEBM) also had the highest concentrations of iron ( Figure 2E ). Three other tested metals were present at very low (3−8 nM for Mn, 3−15 nM Cu) or undetectable (Ni) levels. Recipes for RPMI-1640, DMEM, and EMEM do not include the addition of iron salts, which is in agreement with our findings on very low Fe amounts in these media. BEBM is a proprietary medium (Lonza) formulated for growth of primary human bronchial epithelial cells in serum-free conditions, which explains its high Fe content due to the need to compensate for the absence of the serum-derived source of iron (transferrin-Fe complex). We attribute a moderately lower Fe concentration found by us in F-12K medium than expected from its formal composition (found 1.7 μM versus expected 2.9 μM) to losses of Fe(III) through precipitation and/or surface adsorption. Experiments with spiked samples showed excellent recovery of Fe in our analyses (96 ± 6% for RPMI-1640 and 106 ± 4% for F-12K medium). On the basis of its low Fe content, similarity in Cr(VI) metabolism to other media with low Fe and use for growth of H460 cells, we selected RPMI-1640 for examination of potential interactions between Cr(VI) and other metals. A strong correlation between Fe levels and the rates of Cr(VI) reduction in different media suggested that Fe ions could exhibit very significant effects on Cr(VI) metabolism.
Effects of Fe Ions on Cr(VI) Metabolism. Welding fume particles release iron as Fe(III). 29 Because stocks of inorganic Fe(III) salts quickly produce poorly soluble hydroxides upon dissolution in water (especially at neutral or near neutral pH), we first tested Fe(III) citrate which is a soluble form of Fe(III) at physiological pH. We found that addition of Fe(III) citrate strongly accelerated reduction of Cr(VI) by a mixture of Asc/ GSH but had no effect when RPMI-1640 medium lacked these reducers ( Figure 3A,B) . Importantly, speed-up of Cr(VI) reduction was clearly evident even when Fe(III) was present in the substoichiometric amount (5 μM Fe versus 20 μM Cr). Reduction of Cr(VI) outside the cells is a detoxification process generating membrane-impermeable Cr(III). 2, 20 Thus, acceleration of Cr(VI) reduction in media by Fe(III) would be expected to diminish cellular accumulation of Cr. To examine this prediction, we measured uptake of Cr(VI) by H460 cells incubated in complete medium with or without addition of Fe ions. Two forms of Fe were tested, Fe(III) citrate and Fe(II) sulfate. Consistent with the observed more rapid reduction of Cr(VI) in the presence of Fe(III), we found that the addition of either Fe(III) or Fe(II) salt dramatically suppressed cellular uptake of Cr(VI) in media containing human lung lining fluidrelevant concentrations of Asc and GSH ( Figure 3C 20 which is the most rapid biological reducer of Cr(VI). We found that addition of stoichiometric amounts of Fe(III) strongly inhibited uptake of Cr(VI) at both human (50 μM) and rodent lung lining fluid (500 μM)-relevant Asc concentrations ( Figure 3D ). Remarkably, based on metal uptake data the extent of Cr(VI) detoxification in the medium containing 50 μM Asc and Fe(III) was comparable to the protective effect of the 10 times higher concentration of Asc in the absence of Fe(III). To test a possibility that Fe(III) also suppressed Cr(VI) accumulation by acting on cells, we preincubated Cr(VI) and Fe(III) citrate for 30 min in the presence or absence of physiological concentrations of Asc and GSH and then added this medium to cells for a short, 30 min long Cr uptake ( Figure 3E) . Consistent with the reductionbased loss of Cr(VI), we found that the addition of Fe(III) completely eliminated cellular accumulation of Cr when media contained Asc/GSH and had no effect in reducers-free media. A dramatic decrease in Cr uptake was also observed when Fe(III) chloride instead of Fe(III) citrate was added to reducers-containing media ( Figure 3F ). To evaluate the effects of Fe(III) on biological responses to Cr(VI), we examined genotoxic and cytotoxicity of Cr(VI) in Asc-restored H460 cells. As a readout of genotoxicity, we measured Ser139-phophorylation of histone H2AX (known as γ-H2AX), which we have previously validated as a biodosimeter of DNA double-strand breaks in Cr(VI)-treated cells.
10,46 ATR kinase is responsible for γ-H2AX formation by Cr-DNA damage. 52 In full agreement with uptake studies, we found that the addition of Fe(III) to cell culture media abolished Cr(VI)-induced genotoxicity, as evidenced by the loss of all three forms of γ-H2AX ( Figure 4A,B) . The disappearance of ubiquitinated species of γ-H2AX is especially important, as they are a more specific biomarker of DNA double-strand breaks than nonubiquitinated γ-H2AX. 53 Formation of DNA double-strand breaks in human cells by Cr(VI) is a replication-dependent process. 46 The presence of Ser4/8-phosphorylated RPA32 serves as a biochemical marker of replication-associated DNA double-strand breaks. 54 We found that addition of Fe(III) to Asc/GSH-containing media eliminated the production of Ser4/8-phospho-RPA32 by Cr(VI) (Figure 4C ), confirming our findings with γ-H2AX. Consistent with genotoxicity results, we found that the inclusion of Fe(III) during Cr(VI) treatments in Asc/GSH-containing medium resulted in the complete loss of cytotoxic effects ( Figure 4D) . Overall, our studies found that Fe(III) was a potent antagonist of Cr(VI) toxicity resulting from a dramatically faster extracellular detoxification of Cr(VI) in the presence of physiological antioxidants Asc and GSH.
Reduction of Fe(III) to Fe(II). Our observations on a dramatic acceleration of Cr(VI) reduction by Asc/GSH in the presence of Fe(III) indicates the appearance of some kinetically superior Cr(VI)-reducing species. Fe(II) is an attractive candidate for this reducing agent, as it is a wellknown reducer of Cr(VI) under acidic pH or anaerobic conditions. 55 Addition of Fe(II) failed to reduce Cr(VI) at physiological pH in aerobic solutions, 56 which is consistent with our data on the inability of Fe(II) sulfate to inhibit Cr(VI) uptake in the absence of Asc/GSH supplementation ( Figure 3C ). The loss of Cr(VI)-reducing activity by Fe(II) in aerobic solutions is caused by its very rapid oxidation to Fe(III) by O 2 . Despite this counter supportive evidence, we decided to investigate the possibility that Fe(II) could still be formed from Fe(III) in the complex biological medium with full oxygenation. We used a well-established ferrozine assay for the specific detection of Fe(II). 41, 42 The reaction between ferrozine and Fe(II) (stabilized with ascorbic acid) was complete within a few minutes and showed the expected concentration-dependent increases in A562, which was unchanged for Fe(III) (Figure 5A, B) Figure 5C ). A lower extent of Fe(II) formation from Fe(III) chloride most likely resulted from the formation of poorly soluble polynuclear products and unreactive hydroxides when it was added to the medium with physiological pH. Complexation of Fe(III) with bidentate ligands present in the biological medium (amino acids, phosphate, carbonate) can retain a large portion of Fe(III) in the soluble form permitting its reduction to Fe(II). Thus, Fe(II) was formed at physiologically relevant conditions in the presence of O 2 , principally through reduction of Fe(III) by Asc. To obtain further support for this conclusion, we investigated cellular uptake of Cr(VI) as a measure of its detoxification via reduction by Fe(II) in the extracellular medium. Cells were incubated in the presence of Asc, GSH and their mixture with and without addition of Fe(III) to cell culture medium. In agreement with Fe(II) measurements, we found that the inclusion of Fe(III) in the GSH-supplemented medium did not significantly decrease Cr(VI) uptake whereas Fe(III) strongly inhibited (3-fold difference in slopes) cellular accumulation of Cr from the Asc-containing medium ( Figure 5D ). The suppressive effect of Fe(III) on Cr(VI) uptake was even more potent when both GSH and Asc were present in the medium (6.9-fold difference in slopes) ( Figure 5D , right panel). Examination of Cr(VI) reduction by the same combination of reducers and Fe(III) found very similar effects. Specifically, Fe(III) only modestly accelerated Cr(VI) reduction by GSH whereas its impact on promotion of Cr(VI) reduction by Asc was much stronger and even more potent for a mixture of Asc with GSH ( Figure 5E ). Overall, these results revealed the formation of Fe(II) from Fe(III) by physiological concentrations of Asc and GSH, which strongly enhanced rates of Cr(VI) reduction. A rapid disappearance of Cr(VI) from cell culture media led to a severely diminished accumulation of this toxic metal in cells.
Effects of Fe(II/III) Chelators. Variation in reduction rates for Cr(VI) among different cell culture media closely correlated with their Fe concentrations (Figure 2 ). F-12K medium had the highest Fe content and displayed the fastest reduction of Cr(VI) by Asc or thiols. To test the Fedependence of these effects, we examined the impact of addition of specific chelators of Fe(III) and Fe(II) that block redox cycling of iron. We found that the presence of either a highly specific Fe(III) chelator deferoxamine or the Fe(II) chelator o-phenanthroline in the iron-rich F-12K medium strongly suppressed rates of Cr(VI) reduction by Cys whereas these chelators did not change Cr(VI) reduction in the ironpoor RPMI-1640 medium ( Figure 6A , left and middle panels). The addition of the Fe(III)-binding DTPA practically eliminated the differences in Cr(VI) reduction by Cys between F-12K and RPMI media ( Figure 6A, right panel) . Similar to Cys-driven reactions, the presence of Fe(III) chelators also inhibited Cr(VI) reduction by Asc in F-12K but not in RPMI-1640 medium ( Figure 6B ). Thus, a high Fe content of F-12K medium was responsible for its fast rates of Cr(VI) metabolism Cr(VI) Metabolism in the Presence of Ni(II) or Mn(II). In addition to Fe, soluble fractions of stainless steel welding fumes also contain variable amounts of Ni and Mn, which are present in lower concentrations than Cr(VI). 29, 57 We found that cellular accumulation of Cr was not affected by the addition of Ni(II) or Mn(II) ions at 0.5:1 or 1:1 ratio to Cr(VI) (Figure 7A ), which contrasts with the above findings on a dramatic inhibition of Cr uptake in media with the same stoichiometry of Fe to Cr(VI) (Figure 3 and Figure 5 ). A preincubation of Ni(II) or Mn(II) with cells for 2 h prior to the addition of Cr(VI) also failed to change cellular accumulation of Cr ( Figure 7B ). Consistent with the uptake results, the presence of Ni(II) or Mn(II) ions had no effects on kinetics of Cr(VI) reduction in the cell culture medium ( Figure 7C ), indicating that the same concentrations of Cr(VI) were available for cells. The presence of Ni(II) or Mn(II) during Cr(VI) treatments also produced no effects on cell viability ( Figure 7D ). To exclude a possibility that some cell culture/serum components masked potential interactions of Ni(II) or Mn(II) with Cr(VI), we measured kinetics of Cr(VI) reduction in the presence of these metal ions in HEPES buffer. Again, no impact of either Ni(II) or Mn(II) ions on Asc-or GSH-driven reduction of Cr(VI) was detected ( Figure 7E,F) . Thus, Ni(II) and Mn(II) did not show detectable chemical or toxicological interactions with Cr(VI) at environmentally relevant ratios of these metals.
Chemical Research in Toxicology
Studies in Stem Cell-like HBEC3-KT and Primary Human Bronchial Epithelial Cells. Multiple lines of evidence indicate that a majority of human cancers originate from tissue-specific stem cells. 58, 59 Thus, it would be important to confirm our main findings in a stem cell-like model. As primary human lung stem cells are not available, we chose CDK4/telomerase-immortalized HBEC3-KT human bronchial epithelial cells as a biological model of stem cells. HBEC3-KT cells display stem cell-like properties such as the ability to differentiate into different types of lung cells. 60 As prolonged exposure to serum triggers their differentiation, HBEC3-KT cells are grown in a serum-free medium that we found to be rich in iron (0.84 ± 0.18 μM). To exclude the confounding influences of the already present iron and potential other medium-specific effects, we treated HBEC3-KT cells with Cr(VI) and other metals in RPMI-1640 medium, which provides conditions for a direct comparison of H460 and HBEC3-KT cells instead of combined effects of a cell line and its medium. As in H460 cells, we found that the addition of Fe(III) to a complete RPMI-1640 medium supplemented with physiological Asc/GSH resulted in a severe inhibition of Cr(VI) uptake by HBEC3-KT cells ( Figure 8A ). Ni(II) and Mn(II) ions again had no significant effects on the cellular accumulation of Cr(VI) ( Figure 8B ). Similar to other cultured cells, HBEC3-KT are ascorbate-deficient in the standard tissue culture although they are proficient at transporting both reduced and oxidized forms of vitamin C ( Figure 8C ). We used this property of HBEC3-KT cells to restore their levels of Asc by preincubation with Asc-or DHA-supplemented media, which was possible only with DHA in H460 cells. We found that irrespective of the Asc restoration approach, only chromate but no other metal ions induced dose-dependent cytotoxic effects in HBEC3-KT cells ( Figure 8D ,E). Consistent with Cr(VI) uptake findings, addition of Fe(III) in two chemical forms also prevented cytotoxicity of Cr(VI) treatments ( Figure 8F) . Overall, studies in HBEC3-KT confirmed our main observations in H460 cells, such as the ability of Fe(III) to inhibit cytotoxicity and uptake of Cr(VI), which was by far the most cytotoxic metal among the main metal ions that are typically released from stainless steel welding particles.
Finally, we measured the effects of Fe(III) ions on Cr(VI) uptake in primary human bronchial epithelial cells. Similar to two immortalized cell models, we found that the addition of Fe(III) ions to the cell culture medium resulted in a severe inhibition (∼10-fold) of Cr(VI) uptake by primary cells ( Figure 9A ). This antagonistic effect required interactions of Cr(VI) with Fe(II), as the inclusion of a specific Fe(II) chelator o-phenanthroline completely eliminated uptakesuppressing effects of the Fe(III) addition ( Figure 9B ). These results are fully consistent with the earlier observed loss of catalytic activity of Fe ions on Cr(VI) reduction when o-phenanthroline was added to the Fe-rich cell culture media ( Figure 6A ). As in other cells, addition of Ni(II) or Mn(II) to the Asc/GSH-supplemented culture media did not significantly change Cr(VI) accumulation by primary cells (1 h uptake, 5 μM Cr ±10 μM Ni or Mn: 100 ± 6.3%, 117.5 ± 13.1%, and 108.3 ± 2.6% Cr uptake, respectively).
■ DISCUSSION
Studies of welding fumes composition and release of its constituents into solutions showed that Cr(VI) was the main soluble metal species. [29] [30] [31] 57 Other metals such as Ni, Mn, and Fe were also present in the soluble fraction but generally in significantly lower amounts. Cr(VI) is a firmly established human respiratory carcinogen 1,2 with high risks and a lineardose dependence for lung cancer incidence found in chromate production workers. . Our data on a dramatically higher toxicity of soluble Cr(VI) in comparison to Ni(II), Mn(II), and Fe(III) ions in human lung epithelial cells are consistent with the PEL values for these metals and earlier studies on cytotoxicity of mild steel (no Cr) and stainless steel welding particles in cultures of lung macrophages without Asc supplementation. 57 However, inhalation of welding fumes from Cr(VI)-rich stainless steel welding fumes has not been associated with particularly high risks of lung cancers. A recent IARC evaluation has concluded that both mild steel (no Cr) and stainless steel welding increased lung cancer risks. 38 Epidemiological studies, on the basis of which this conclusion was reached, have found that cancer risks for stainless steel welders were either similar or only moderately higher in comparison to mild steel welders.
32−37 Considering a potent carcinogenic activity of Cr(VI) as a single metal (in chromate production workers) and generally assumed additive or synergistic effects of carcinogens in mixtures, low cancer risks for stainless steel welders exposed to Cr(VI) in combination with other toxic in excess (Mn, Fe) and carcinogenic (Ni) metals have been surprising.
Our findings offer a chemical explanation for the weakened toxicological potency of Cr(VI) when present in the biological solutions in the mixture with other constituents of welding fumes, namely, Fe(III). Collectively, our results provide a strong support for the role of Fe ions in the accelerated detoxification of solubilized Cr(VI) through its rapid extracellular reduction (Figure 10 ). Although welding fumes contain and release Fe in its high oxidative state +3, 29 a mixture of GSH and Asc added to the cell culture medium at concentrations approximating those in human lung lining fluid were capable of a relatively fast reduction of Fe(III) to Fe(II). Fe(II) then rapidly reduced chromate, which led to the severalfold acceleration of Cr(VI) detoxification outside the cells and the resulting dramatic suppression of cellular accumulation of Cr. Importantly, this catalytic activity of Fe ions was readily detectable at much lower concentrations relative to Cr(VI) (1.7 μM Fe versus 50 μM Cr in reactions in F-12K medium, for example). Acceleration of chromate reduction was observed in different biological media with and without serum and using different Fe compounds. Although reduction of Cr(VI) by Fe(II) via one-electron transfer is a well-known chemical reaction, 55 it has not yet been considered for the biological fluids at the sites of Cr(VI) exposure. A rapid oxidation of Fe(II) by O 2 at neutral pH was thought to limit its involvement in Cr(VI) reduction to acidic or anaerobic abiotic environments. A direct addition of Fe(II) to buffers with physiological pH reduced Cr(VI) only in anaerobic conditions. 56 Two physiologically relevant conditions of our experimental setup allowed us to detect extensive Fe(II) formation and the resulting acceleration of Cr(VI) reduction. One is the addition to the cell culture medium of physiological concentrations of Asc and GSH, which catalyzed reduction of Fe(III) to Fe(II). Although it was present at 2 times lower concentration relative to GSH, Asc was responsible for the majority of Fe(II) production and the subsequent acceleration of chromate reduction. The second important characteristics of our conditions is the use of complex biological solutions such as cell culture media. Previous studies have generally used simple buffer systems, which presumably made them more amenable to mechanistic interpretations of the measured parameters. However, buffers with neutral pH promote the formation of poorly soluble and unreactive polynuclear Fe(III) species, which can be avoided through the use of Fe(III) in a complex with a chelating agent. We found that Fe(III) was redox active in cell culture media even when it was added in the form of inorganic salt, which can be attributed to binding The formation of Cr(VI)-thioester complex is known to be a slow and rate-limiting step in reduction of Cr(VI) by GSH. 62 The sluggishness of GSH-chromate thioester formation can be attributed to the negative charge of both molecules [Cr(VI) exists as CrO 4 2− anion at physiological conditions] and a weak affinity of Cr 6+ center toward the SH group. Although Asc is also anionic species at physiological pH (Asc-O − ), its association with CrO 4 2− is facilitated by a strong preference of the Cr 6+ center for the negatively charged oxygen. A very rapid Cr(VI) reduction by Fe(II) can be attributed to (i) electrostatic attraction between CrO 4 2− and Fe 2+ ions and (ii) a fast electron transfer through binding to Cr−O − (outer sphere complex) and its reduction to Cr−OH bond. Electron transfer to a metal center via the outer sphere mechanism permits much faster reduction reactions. 64 GSH was a very slow reducer of Cr(VI) with barely detectable activity at 100 μM (t 1/2 = 5.4 h), which is its average concentration in human lung lining fluid. Consequently, it made a marginal impact on the loss of Cr(VI) in physiological mixtures of GSH with Asc. In the presence of Fe(III), GSH showed a more significant contribution to Cr(VI) metabolism, as assessed by higher Cr(VI) reduction rates and inhibition of Cr uptake by cells. A greater effect of GSH on Cr(VI) in Asc/ GSH-containing medium in the presence of Fe(III) can be attributed to the following factors:
(i) slower oxidation of Asc (1.3-times slower loss in our analyses); (ii) Asc-independent generation of Fe(II) from Fe(III); (iii) expanded participation of GSH in Cr(VI) to Cr(III) reduction, preserving Asc for Fe(III) to Fe(II) reduction. In Fe-free conditions, Cr(VI) reduction is dominated by the two-electron reducer Asc, yielding Cr(IV) as the first intermediate. 14−16 In Fe-containing reactions, one-electron reduction of Cr(VI) by Fe(II) produces Cr(V), which can be further reduced by GSH. GSH is known to readily form complexes with Cr(V), which are stable enough to be purified at low temperature. Complexity of Welding Fume Effects. Lung tumorigenesis by inhaled particles generated from stainless steel welding probably results from a combined activity of metals present in both soluble and insoluble fractions. Our results showed that solubilized Cr(VI) undergoes a rapid extracellular detoxification in the presence of Fe ions and physiological concentrations of Asc. These findings argue that soluble Cr(VI), a potent human lung carcinogen by itself as found in chromate production and chrome plating, 23,24,26−28 released in the biological solutions along with the catalytic amounts of another welding fume component, iron, loses its toxicological potency. Insoluble Cr(VI) is resistant to this reduction-based detoxification 20 and therefore, internalization and a subsequent dissolution of stainless-steel welding particles can deliver carcinogenic Cr(VI) into the cells. The amount of the soluble metals varies depending on the specifics of the particular welding process. 29−31 Thus, it is possible that the observed variability in lung cancer risks found in different cohorts of stainless steel welders 33−37 is linked to the different frequency of specific welding procedures and the resulting differences in the relative amounts of insoluble Cr(VI) escaping extracellular inactivation by Fe/Asc. The extent of Fe solubilization should also affect the carcinogenic potency of welding particles containing soluble Cr(VI). Carcinogenicity of Cr-free mild steel welding 38 and significant tumor promotion effects in mouse lungs by welding particles with no 66 or a low content of Cr(VI) 67 also suggest that a high lung burden of Fe may also be tumorigenic by itself, possibly as a result of elevated oxidative stress and chronic inflammation. 
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